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Abstract-A sagittal plane mathematical model is developed to simulate the muscular 
response of the cervical spine during static loading. In this model the moments due to 
the weight of the head and neck, and the effects of external forces are balanced by 
forces generated internally by the muscles, the ligaments, and the intervertebral joints. 
Possible combinations of muscle and ligament tension has been graded against a 
mathematical objective function containing the stress experienced by each joint and 
subjected to the equality constraint (i.e. moments must balance) and the inequality 
constraints (i.e. muscles and ligaments produce tension). Using this formulation of the 
problem, a unique solution that produces a minimum of stress at the intervertebral joints 
is obtained. 
Electromyographic measurements were obtained from volunteers who pulled with 
their head against a resistance. Results generated by the model for the superficial neck 
muscles have been matched to the measured electromyographic activity. 
INTRODUCTION 
The objective of this study is to develop a modelling approach capable of describing 
the muscular response of the cervical spine with sufficient accuracy. Comparisons are 
made between the simulated muscle response and the experimentally determined elec- 
tromyographic (EMG) activity, in order to show the degree of correlation between the 
two. 
The modelling approach proposed in this study uses optimization techniques and equi- 
librium analysis to model the muscular response of the musculo-skeletal system. It is 
assumed that the skeleton consists of rigid bodies articulated by joints and held together 
by muscles and ligaments. The muscles are represented by single or multiple lines of 
action which stretch between their points of origin and their points of insertion on the 
skeleton. 
The optimization problem consists of determining the muscle firing combination which 
balances the applied load and obtains an optimum distribution of stress among the sup- 
porting structures. The optimum choice of muscle firing strategy is achieved by choosing 
an appropriate objective function which is then optimized under the constraints of 
equilibrium. 
Models to date which use optimization techniques to simulate the muscular response 
of the spine are those developed by Arvikar and Seireg (1978)[1], and Schultz and An- 
dersson[2, 31. Both models use linear objective functions, in contrast to the model de- 
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veloped by Gracovetsky (1981)[4] which uses a quadratic objective function. The preseiit 
study incorporates principles developed in Gracovetsky’s study of the lumbar spine. 
ELECTROMYOGRAPHIC INVESTIGATIONS 
The objective of the experimental investigation was to measure the firing patterns of 
cervical spine muscles of volunteers performing a specific task. The muscular patterns 
were measured from the EMG activity collected by surface electrodes. The patterns ob- 
tained from these studies were then compared to the simulated results obtained from the 
musculo-skeletal model. 
The intensity of the frequency components produced by muscle activity has been ob- 
served to occur within the spectrum region of 10 Hz to 250 Hz. Therefore, the amplified 
electromyographic signals obtained from an eight channel Beckman R-61 1 were passed 
through an active analog band pass filter with a frequency band of 10 Hz to 250 Hz. 
According to the sample theorem, the sampling or nyquist frequency must be greater than 
twice the maximum frequency components of the sampled signal[5]. A sampling frequency 
of 1000 Hz proved more than sufficient to record the band limited EMG data. Analog 
filtering adequately attenuated the biopotential signal transmitted from the heart, and also 
eliminated high frequency noise. 
The sensing elements or transducers used were pairs of miniature silver-silver chloride 
electrodes applied to the surface of the skin over the specified muscles. A single common 
reference ground electrode was placed behind the ear lobe. 
Preliminary investigation 
A preliminary investigation was undertaken to determine which superficial muscles of 
the neck were accessible for EMG probing. This part of the investigation was also con- 
cerned with the consistency of EMG response among the volunteers when they were 
subjected to various head and neck resistance tests. Seventeen healthy adults (IO males 
and 7 females) ranging in age from 18 to 71 years were used in this preliminary study. 
The subjects were asked to maintain a set posture while an increasing load was applied 
by hand to their heads. Several surface muscles were monitored for EMG activity in a 
number of loading configurations. The muscles examined were the semispinalis capitis, 
splenius capitis, sternomastoid, scalene anterior and posterior, omohyoid, and sterno- 
hyoid. For the majority of muscles mentioned, the EMG recordings showed a significant 
level of activity during backward extension against resistance. The results of these tests 
are summarized in Table 1. 
Table I. Results from preliminary EMG investigation to determine which neck muscle are active during 
resistance extension 
Motion against Resistance 
Muscle 
Semispinalis capitis 
Splenius capitis 
Sternomastoid 
Omohyoid 
Sternohyoid 
Scalene anterior and 
posterior 
Extension Flexion 
activity 
activity 
slight activity 
slight activity 
no activity 
no activity 
no activity 
no activity 
activity 
activity 
activity 
Rotation 
no activity 
activity 
activity 
no activity 
no activity 
- 
Lowering 
Jaw Respiration 
no activity no activity 
no activity no activity 
no activity no activity 
activity no activity 
- - 
- 
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Given the number of muscles active during backward extension against resistance, a 
loading procedure was developed which consisted of a horizontal load applied to the back 
of the head along the sagittal plane. The loading apparatus included a typical strain gauge 
device mounted horizontally, with a comfortable sling attachment to accommodate the 
head. Seated in a chair, the subject pulled back against the sling, thereby increasing the 
extensor moment while his/her shoulders remained relaxed with the arms hanging loosely 
at each side. An idealized view of the loading arrangement is depicted in Fig. I. 
Each of the I7 subjects were strapped into the loading apparatus and each applied a 
voluntary head and neck pull against the horizontal sling attachment. The semispinalis 
capitis and splenius capitis muscles were monitored by using surface electrodes. The 
following observations were made. 
As the extensor moment was increased, the semispinalis capitis was recruited imme- 
diately. However, the splenius capitis initiated its rise in activity only after a certain length 
of time. It was further noted that the splenius capitis muscle was recruited at approximately 
the same value as the extensor moment, regardless of the rate at which the subject was 
pulling. 
The relative position of the omohyoid with respect to the clavicle varied considerably 
from subject to subject. Due to the proximity of the sternomastoid muscle, electrode 
placement for the omohyoid required verification. A simple opening of the jaw was suf- 
ficient for this purpose. In the majority of the volunteers tested, activity was observed 
in the omohyoid and the sternomastoid muscles at varying low levels. 
Fig. I Idealized view of experimenral loading procedure. 
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Fig. 2. Lateral view of volunteer executing Tasks I to 5. 
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Muin investigation 
Only five out of the seventeen volunteers were chosen to be used for further detailed 
experimentation. These five subjects each performed five different tasks on three separate 
occasions to yield a total of 15 tests per volunteer. The motive for testing a smaller group 
on different occasions, were: 
I. It was desirable to know if the observations made on a subject in a given test could 
be observed in a subsequent est. In this way it was possible to determine if variation 
in the level of extensor effort required to recruit the various muscles is a function of 
the individual being tested, or whether there was a certain amount of random variation 
which is a function of the EMG testing. 
2. Limiting the number of volunteers to five, in the main investigation, enables the ex- 
perimentor to conduct the tests at a more detailed and accurate level given the length- 
ened time of testing per volunteer. It was also assumed that the five subjects exhibit 
a sufficient statistical distribution of muscular behavior which approximates the mean 
and variance of muscular activity of a larger group. 
After one set of prescribed tasks were performed it was realized that the strain gauge 
had limited sensitivity and lacked mounting flexibility. Thus, the strain gauge rod was 
replaced by a universal flat load cell which had a full scale range of 111 kg (250 lbs). a 
sensitivity of 001% (full scale), and a cell mounting device which rotated on a ball joint. 
The loading cell was able to measure the loading conditions for all of the five tasks il- 
lustrated in Fig. 2, and described below. 
In tasks I, 2, and 3, electrodes were placed bilaterally over the semispinalis capitis. 
the splenius capitis, the omohyoid, and the sternomastoid. The height of the load cell was 
set at a level so that the restraining strap sloped downwards at approximately 5-10” away 
from the subject’s head. In each of the tasks the subject pulled back against the strap 
until he achieved his maximum extensor effort. 
TASK #I: Subject pulled the head against the strap in the normal upright position. 
TASK #2: Subject pulled against the strap in the flexed neck position. 
TASK #3: Subject pulled against the strap in the extended neck position. 
In tasks 4 and 5 electrodes were placed bilaterally over the same muscles as described 
in tasks I, 2, and 3. The load cell, however, was lowered to produce a 45” downward 
slope away from the subject’s head in the restraining strap. 
TASK #4: Subject assumed a normal upright neck posture while drawing back on the 
restraining strap. 
TASK #5: Subject pulled against the strap in the flexed position. 
A typical example of the original EMG signals obtained from one of the subjects per- 
forming task 1 are shown in Fig. 3. The corresponding root-mean-square (RMS) patterns 
are plotted versus time in Fig. 4. The load cell output is superimposed on the RMS output 
to illustrate the correlation between the rise in the EMG output with the subject’s extensor 
effort. 
These sample EMG results obtained in task 1 reveal that the spinalis capitis activity 
increased with the extensor effort from the outset. Increasing muscle activity with in- 
creasing extensor effort was not observed in the sternomastoid. omohyoid, and the splen- 
ius capitis muscles until a much greater extensor effort was reached. Variations were 
observed in the results among the individual volunteers, between tests performed by the 
same volunteers, and between results from the symmetrical muscle masses on opposite 
sides of the sagittal plane. The degrees of variation were statistically expected and did 
not conflict with the physiological notions (concerning muscle activity) generated during 
initial experimentation. Results for each of the 5 tasks were interpreted as the average of 
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Fig. 3. Sample EMG data for volunteer #I performing TASK I 
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Table 2. Average results obtained from volunteers performing Tasks I to 5 
Task 
Muscle Activity Onset 
Maximum 
effort Sternomastoid Omohyoid Spinalis Capitis Splenius Capitis 
Volunteer (kg) (kg) (kg) (kg) (kg) 
I 1 
2 
3 
4 
5 
Average 
2 1 
2 
3 
4 
5 
25.8 10.1 16.0 0.0 5.7 
25.4 13.2 12.5 2.4 1.5 
17.7 7.3 I I.9 0.0 6.7 
19.0 5.4 9.3 0.0 4.6 
26.2 15.1 19.8 0.2 7.5 
22.8 10.2 13.9 0.5 6.4 
22.5 5.3 9.7 I.1 3.0 
20.0 14.1 16.1 3.6 4.8 
18.6 7.9 10.4 1.2 0.7 
19.2 8.0 12.0 0.3 3.1 
18.3 8.8 13.3 3.0 4.4 
Average 19.7 8.8 12.2 1.8 3.2 
3 I 30.4 8.2 II.2 0.0 8.5 
2 27.0 8.0 18.8 0.4 10.9 
3 21.5 14.5 14.4 0.0 I I.1 
4 19.7 6.6 6.0 0.0 4.1 
5 30.4 9.1 22.4 I .4 9.1 
Average 25.8 9.3 14.6 0.4 8.7 
4 I 20. I 9.5 13.0 2.7 4.2 
2 17.8 6.6 12.4 0.6 5.1 
3 16.8 21.1 14.3 4.1 5.4 
4 20.6 7.4 10.8 0.0 I.6 
5 23.3 12.0 15.6 0.8 3.8 
Average 19.7 11.3 13.2 1.7 4.0 
5 I 32.0 10.2 14.0 0.0 7.0 
2 29.3 16.3 16.3 0.0 9.0 
3 23.5 9.5 II.4 0.9 8.3 
4 25.3 7.4 Il.6 0.3 4.3 
5 27.4 12.6 14.4 0.2 6.1 
Average 27.5 II.2 13.5 0.3 7.0 
the three tests performed on each volunteer, and as the average of all the tests on all the 
volunteers. A summary of these results are shown in Table 2. 
Findings 
The overall findings of the main investigation indicate that as the extensor moment is 
increased, the spinalis and semispinalis capitis, and splenius capitis muscles are recruited 
in two distinctly different ways. As the extensor moment is increased, the spinalis capitis 
muscle exhibits an immediate response, whereas the splenius capitis does not. This de- 
layed response of the splenius capitis is observed to be a function of extensor moment 
(i.e. applied load). 
The sternohyoid and omohyoid muscles produce flexion moments in all of the inter- 
vertebral cervical joints. As the neck produces an extensor effort, it is reasonable to assume 
that these muscles will produce no activity during the execution of this task. This as- 
sumption is borne out in both the preliminary and main investigations for the sternohyoid 
muscle, but not for the omohyoid muscle, which is observed to be active during extension 
of the head against resistance. It is surprising to find this anterior muscle, usually con- 
sidered a flexor, active during extension of the head. 
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Activity in the sternomastoid is apparent as the volunteer exerts a large extensor effort 
for all 5 tasks, as shown in Table 2. These results can be considered more statistically 
reliable than in the case of the omohyoid due to the ease of electrode placement on the 
sternomastoid muscle. 
Activity from the sternomastoid is thought to be undesirable at a time when priority 
is given to balance the very large flexor moments, created by an externally applied load, 
at the lowerjoints (C3-C4 to C7-Tl). It is not known why a slight degree of activity from 
the sternomastoid muscle occurs. The sternomastoid muscle produces almost pure 
compression at all of the cervical joints with insignificantly low extension and flexion 
moments. Since this muscle is not in a position to support the load, it is difficult to explain 
the role of this muscle for the tasks described in this section. 
DESCRIPTION OF RELEVANT ANATOMICAL ELEMENTS 
The relevant skeletal structure consists of the vertebral elements Cl-TI, and the oc- 
cipital bone. The thoracic vertebrae TI-T6 form a fixed base and are relevant to the 
vector description of muscles which arise from the thoracic region and are attached to 
the cervical region. 
In addition to the thoracic vertebrae, muscles of the neck also stem from the ribs, 
clavicle, sternum, and scapula. The sternum and ribs can also be considered as part of 
the fixed base. The shoulders assume a fixed position and the arms are unrestrained. The 
vertebrae, ribs, and other bones are each treated as rigid bodies. The points of interest 
on the rigid body structures are described in a local coordinate frame. The skeletal struc- 
tures are globaly assembled by assigning a global location and an orientation to each 
vertebrae in the local coordinate frame with respect to the sternum. 
The geometric information is collected from a number of sources, including an assem- 
bled skeleton, an individual vertebrae, and X-rays of an individual in three postures (up- 
right or neutral, full flexion, and full extension). 
Ligament description 
When a flexion moment acts on the intervertebral joint, it is assumed that the primary 
compressive structure is the intervertebral disc, and the primary passive tensile element 
is the posterior ligament system. The center of the passive tension is assumed to be acting 
at the averaged area center of the posterior ligaments. 
When the intervertebral joint undergoes bending, resistance to the motion results from 
the elongation of the ligament fibers and the deformation of the intervertebral disk. Stress 
in the posterior ligament structure is assumed to be uniformly distributed and is modeled 
as a passive lumped mass aligned along the spinous processes. Thus, the ligament may 
be represented by a single vector which is perpendicular to the plane which bisects the 
disk through its geometric center. Consequently, the ligaments will generate only com- 
pressive forces in the joints. 
Intervertebral joint description 
The center of the compressive forces is assumed to be acting at the center of the disk’s 
nucleus, which is described as a purely compressive element with a uniform distribution 
of stress. The joint is bounded by the anterior and posterior lower corners of the vertebral 
body above the disk and by the anterior and posterior upper corners of the body below 
the disk. The geometric mean of the parameters described above yields the reaction point 
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(shear and compression), located about the center of the disk. A unit shearing load may 
be defined as a unit vector acting in the line of the bisector of the disk and is positive in 
the posterior direction. A unit compression load is defined as being perpendicular to the 
shear direction, and is positive when acting downwards. 
Muscle description 
The muscles are considered to be a collection of muscle strands which are represented 
by vectors. Each vector runs from a point of origin to a point of insertion. The magnitude 
of the force produced by each of these idealized muscle strands are equal to the stress 
developed in the muscle fibers when contracted, and this stress is multiplied by the cross- 
sectional area of each of the strands. The amount of shear, compression, and moment 
components produced at each joint by the muscle vector can thus be determined. The 
location of all the points of attachment of the muscles and the location of the local co- 
ordinate frame relative to the global frame may be determined from anatomical descrip- 
tions, X-rays, and skeletal specimens[8]. 
INTRODUCING THE STATIC MODEL 
Under static conditions, when an external load is applied to the spine, the moment it 
creates at each intervertebral joint must be balanced by internal moments generated by 
muscle and ligament tensions. In order to illustrate how this balance is achieved, a single 
cervical joint is considered, as shown in Fig. 5. This illustration shows that he joint 
supports the weight of the head and the upper portions of the neck. The diagram is further 
simplified by displaying only a single muscle strand of semispinalis cervicis and a single 
strand of splenius cervicis. 
The forces acting on the cervical joint may be divided into 4 groups. 
I. The load resulting from the weight of the head and neck together with an externally 
applied load. 
2. The reaction forces of the joint acting at the center of reaction. 
3. The muscle tensions acting about the center of reaction. 
4. The ligament tensions acting about the center of reaction. 
The net summation of force components in the two main directions (shear and compres- 
sion) must equate to zero, and the moments must balance at each cervical joint in order 
to satisfy the physical laws of equilibrium. The point of force reaction can be seen as a 
fulcrum around which the moment, contributed by muscle and ligament ensions, balances 
the moment due to the load. 
Given the seemingly infinite number of muscle and ligament tension combinations ca- 
pable of balancing the load, additional constraints must be implemented so that the equi- 
librium condition problem can become determinate. In a review of biomechanical models 
of the nonimpact type, King[6] discusses the problem of equation indeterminance asso- 
ciated with the modelling of the musculo-skeletal system. He notes that in some cases 
the number of unknowns in an equation were reduced by utilizing the EMG data and/or 
by using logical estimations. Another feasible approach is to employ objective functions 
based on the minimization of total muscular force and/or moment minimization of total 
mechanical energy or metabolic energy. 
Schultz and Andersson[2] examined the potentiality of incorporating an objective func- 
tion into a biomechanical model in order to obtain the net reaction at the L3 vertebra and 
the trunk muscle contraction forces needed to resist externally applied loads. A total of 
6 equilibrium equations govern their model, which has a total of 14 unknowns; 10 muscle 
forces, 3 spinal loads and abdominal pressure. 
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Fig. S. Simplified free-body analysis of U-C7 intervertebral joint showing load distribution in a cervical joint. 
The first objective function chosen by Schultz and Andersson expressed the necessity 
for the compression at L3 to be minimized with the requirements that all muscle tensions 
be positive and that muscle contraction intensities not exceed 100 N/cm2[2]. Due to the 
inability to model the trunk’s internal forces to a comfortable degree of confidence, the 
model was modified by Schultz[3], who chose to minimize the muscle contraction 
intensity. 
Surprisingly, both models, incorporating the two different objective functions men- 
tioned above, produced comparatively similar L3 motion-segment loads for a number of 
different tasks. Schultz and Andersson, however, failed to present valid reasons for neg- 
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letting the ligamentous structures which could have contributed to the joint’s moment 
equilibrium. 
Another musculo-skeletal model for the human spine, developed by Arvikar and 
Seireg[l], simulated a subject in the seated posture exposed to 1) no acceleration; 2) 
forward acceleration; and 3) backward acceleration. The following objective function was 
used. 
where: 
K = sum of all muscle forces 
M = sum of all reaction moments at the joints 
R = sum of all reaction forces on the joints 
note: PI and Pz are weighting factors 
This objective function was linearly dependent on the stress levels in the joints and 
muscles. In this model, no attempt was made to determine the distribution of stress be- 
tween the passive compressive elements of the joints (disc) and the passive tensile ele- 
ments of the joints (ligaments). The model did not consider the differences in the ability 
of the joints to support the load in the two principle directions (shear and compressive). 
Examination of previous modelling approaches has led us to believe that an objective 
function should account for the difference in the ability of the joints to produce a reaction 
force in the shear and compressive reaction forces produced by the ligaments. The de- 
terminant factors associated with the equilibrium conditions, presented in this paper, are 
based on Wolff s[7] observations of minimization and equalization of bone stress. Wolff’s 
Law simply states that bone is added where it is needed and removed where it is not. 
Hence the very shape of the bone, including its internal architecture, is determined by 
the stress it experiences. The bone structure of a healthy vertebra suggests that it is 
stressed equally, at least on an average basis to some non-zero minimum level. As a 
consequence of Wolff’s Law, it is reasonable to search for the muscle action that will not 
only balance the load, but also tend to produce stress minimization and equalization at 
each intervertebral joint. 
The problem stated in the above paragraph can be mathematically formulated as the 
minimization of an objective function subjected to various types of constraints. This is 
described in the next section. 
The objective function 
The objective function expresses the necessity for the intervertebral joints to minimize 
and equalize their stress. In this way optimum use of the muscular power and the strength 
of ligaments is obtained. The stress is due to the actions of the muscle pull (k,), the 
ligament reaction (L(j) and the shear and compression reactions of the joints (J(j); where 
k is the muscle group from I to the number of groups (Nm), i is the force component 
(i.e., shear and compression) and j is the joint level from 1 to 8. The objective function 
is expressed in the following quadratic form: 
F = F,(muscle) + F*(shear) + F3(component) + F4(ligament) 
Muscular response of the cervical spine 
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Frtmuscle) = 2 (PI X &I* 
L=I 
Fz(shear) = 2 (P2 X Jzj)’ 
I=I 
F3(component) = 5 (PJ x Jr,,)’ 
X=l 
F4(ligament) = 2 (P4 x L3i)2 
h=I 
The coefficients P,, Pz, Ps, and P4 determine the relative importance of the various 
terms in the objective function. The P, , P2 and P3 coefficients are inversely proportional 
to the maximum muscle pull, the joint shear and the joint compression, respectively. The 
parameter P4 which represents maximum ligament tension, is determined by correlating 
the experimental results with the optimized model’s output. 
Equality constraints 
The solution of the objective function must satisfy the equations of equilibrium, often 
referred to as equality constraints. The forces acting at a joint can be considered to be 
due to one of four groups: 1) external load; 2) joint reaction; 3) muscle load; 4) ligament 
reaction: as mentioned earlier. The net shear and compression forces acting at each joint 
must equate to zero, and the moments must balance. This can be expressed as follows: 
+ J(j = 0 
where 
A;jk = 
Kl, = 
Eij = 
L, = 
Jij = 
unit directional force component (i) (compression, shear and moment) at joint 
(j) (CO-Cl, (l-c2, . . . ) C7-Tl) due to a unit stress in muscle group k (mul- 
tifidus, scalene, etc.); 
stress in muscle group k; 
force component i at joint j due to an external load; 
force component i at joint j due to the ligament’s reaction at joint j: 
the compressive (i = 1) and shear (i = 2) reactive components at each of the 
joints (j = I to 8) 
The A+ terms can be determined from anatomical descriptions of the cervical spine 
and x-rays. The values for E;i can be obtained from a precise description of the task to 
be performed. The mathematical objective is to determine the muscular action (kx), the 
ligament tension (L,), and the joint reaction (Jij) due to an external load Eij with the 
motion of the neck restricted to the sagittal plane. 
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Inequality constraints 
Using the convention that positive stress represents tension, the inequality constraints 
may be expressed as follows: 
kr 2 0 and L, 2 0 
The above constraints suggest that the muscles and ligaments can only exert a pull. The 
modelling procedure then consists of minimizing the objective function (F = F, + Fr f 
F3 + F4) in such a way that the equality and the inequality constraints described above 
are satisfied. 
Functionul grouping of muscles used in the model 
The numerical description of the neck requires that every muscle be described as a 
vector running from a point of origin to a point of insertion. In theory, it is possible to 
consider each of these vectors (muscles) as independent variables, but such a consider- 
ation would result in an unreasonably large problem. It is therefore desirable to put forward 
some simplified assumption. Simplifications exist, due to the possibility that certain mus- 
cle-strands may fire in functional groups in an effort to resist applied loads along the 
sagittal plane. Determining the minimum number of independent muscular groups is an 
important step since this results in a significant reduction in the computational burden 
necessary for solving the problem. 
Proper determination of which muscle strands belong to which group reduces the num- 
ber of variables to a manageable level without sacrificing the freedom necessary to execute 
the task. Therefore, it is important to state the properties that a muscular group can or 
cannot possess in the execution of a task. 
SemispinalisjCapitis, , SpinalisjCapitis 
Longissimus Capitis 
JcLongissimus Cervizis 
Fig. 6. Vector description of Multifidus. Longissimus capitis. Longissimus cervices, Semispinalis capitis and 
Spinalis capitis muscles. 
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I \ I 
\ .- 
Twi% - ’ 
Splenlua Capltie - 
Illocostalls 
/ Semleplnalls Cervlcl8 
serrstus Posterior 
Fig. 7. Vector description of Semispinalis cervicis. Splenius capitis, Iliocostalis, Splenius cervicis. Serratu\ 
posterior and Serratus superior muscles. 
; 
Sternohyoid -, 
, ‘*,l 
Omohyold I -‘, 
, 
I 
Antorlor Scalono : . 
Middle Scalono i---_ 
Posterior Scalono 1 
Fig. 8. Vector description of Sternohyoid. Omohyoid, Scalene anterior. middle and posterior, muscles. 
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Longus Cepitis 
Longuo Vertical 
Inferlor 
Sternomastoid -I . Ljy 
Fig. 9. Vector description of Longus capitis. Longus vertical, Longus superior. Longus inferior and sternomatoid 
muscles. 
Property # 1. Activity in all the muscle strands in a particular group must increase 
or decrease at the same time. One example is the action of the semispinalis capitis during 
the extension of the head and neck against resistance. As the extensor effort increases, 
so does the activity of all the muscle strands. 
Property #2. Muscles which traverse completely different sets of joints will have 
different actions, and therefore will be assigned to different groups. For example, consider 
the splenius cervicis which inserts into the neck, and the splenius capitis inserting into 
the head. These two muscles are treated as independent variables, and will be assigned 
to different groups. Similar considerations apply to the semispinalis cervicis and capitis, 
the longissimus cervicis and capitis, and the longus cervicis and capitis. 
Property #3. Muscles with completely different functions will have different actions 
and should be placed in separate groups. Examples of this are the omohyoid which pro- 
duces a flexor moment, the scalene muscle which produces little moment, and the splenius 
cervicis which produces an extensor moment. 
Using these assumptions, a muscle grouping arrangement is obtained and shown in 
Table 3. Neck muscles, used in the mathematical model, are illustrated in vector form in 
Figs. 6, 7, 8 and 9. 
MODEL TUNING AND SIMULATION 
Tuning is the procedure by which the model response is made to match the experimental 
EMG data obtained from human experiments. The four coefficients, PI, Pz, Pj and Pd, 
used in this tuning process, are set to equal the inverse of the square of the maximum 
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stress that can be withstood in the corresponding structural group. Initial estimates for 
P,, Pz and P3 are chosen to represent the maximum values of muscle pull, joint shear, 
and compression. The initial approximations are: 
P, = 1 P2 = .Ol P3 = .Ol 
More accurate estimates of these values are then determined by trial and error using 
experimental data. Since the ratio of the coefficient determines the optimal solution of 
the minimization problem, the coefficients are normalized in such a way that PI = 1. 
The signiticance attached to the ligament weighting factor P4 differs in comparison to 
other coefficients. Parameter P4 ensures that the subject cannot arbitrarily recruit his/her 
ligament structure in the performance of a task. If, for example, the subject is required 
to support the load in the neutral position, one would expect the ligaments to produce 
very little tension. This would be equivalent to assigning a relatively high value to the 
parameter Pd. In the flexed neck position, however, the ligaments would support a much 
greater portion of the load. This would be equivalent to setting the parameter P4 to a 
much lower value. 
Increasing the value of P4 has the effect of forcing the model to rely on muscular action 
to support the load. Parameter P4 is initially set to zero and is gradually increased until 
the muscles reach their maximum pulling force for the greatest extensor effort obtained 
in the experimental investigations. 
The study performed by Gracovetsky, Farfan and Lamy[4] indicates that the maximum 
force per unit cross-sectional area produced by the muscles is approximately 8 kg/cm*. 
Their study assumes that the maximum voluntary muscular effort performed by the vol- 
unteers will not exceed 3 of the ultimate limit (8 kg/cm’). Based on this assumption, the 
PA values of 0.04, 0.09, and 0.10 are found for the flexed upright and extended neck 
postures respectively. 
Parameter P3 controls the compression at the joints. By increasing P3 above the initial 
value of 0.01, the load distribution shifts from the muscles with shorter lever arms (i.e. 
multifidus) to muscles with longer lever arms (i.e. semispinalis cervicis and spinalis cap- 
itus). Large increases in P3 also eliminates the muscle pull contribution of the omohyoid. 
Decreasing the value of P3, on the other hand, causes little change in the response of the 
model. This suggests that lower values of P3 may be correct, since low values indicate 
higher compression strength. A value of 0.01 is used in all subsequent simulations since 
it represents the most conservative estimate. 
Table 3. Grouping of muscle vectors into functional groups 
Group Muscle Group Muscle 
1 Multifidus (C2-C3 level) 14 Longus Capitis 
2 Multifidus (C3-C4 level) Longus Superior 
3 Multifidus (C4-C5 level) Longus Vertical 
4 Multilidus (CS-C6 level) Longus Inferior 
5 Multifidus (C6C7 level) I5 Scalene Posterior 
6 Muttifidus (C7-TI level) Scalene Medius 
7 Semispinalis Cervicis Scalene Anterior 
8 Semispinalis Capitis 16 Sternohyoid 
Y Spinalis Capitis 17 Sternomastoid 
10 Splenius Capitis I8 Omohyoid 
II Splenius Cervicis 19 Recurs Capitis Minor 
12 Longissimus Capitis 20 Rectus Capitis Major 
I3 Longissimus Cervicis 21 Oblique Capitis Superior 
lliocostalis 22 Oblique Capitis Inferior 
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The value of the parameter Pz has been increased and decreased around its initial guess 
to determine the effect on the load distribution in the neck. Changes in PI do not greatly 
change the distribution of the load between muscles and ligaments. It does however, affect 
the distribution of the load between the muscles themselves. 
Poor correlation between the simulated and experimental results are observed when 
the weight coefficient Pz, with an initial value of .Ol, is assigned to each of the eight 
intervertebral joints. An increase in the value of Pz produces little change in the model’s 
response. The onset of the calculated splenius capitis activity tends towards 0 kg when 
P2 is decreased, and does not correspond well with the measured onset of activity which 
occurs at 5 kg. 
In an effort to find reasonable simulated results, a separate weighting coefficient Pz* is 
assigned to the upper two cervical joints (occipital-Cl-C2) and the improved effects of 
the generated muscular response are noted as this parameter is augmented. Parameter 
P2, representing the weight coefficient for the lower joints, remains constant (.03) while 
Pz* is varied. The final value obtained for Pt is 8.0 and for Pz, the value is 0.03. These 
two results suggest that the resultant of any force vector passing through the occipital- 
Cl-C2 region must contain minimal shear components. The entire cervical system will 
react strongly to the presence of any shear in this area. 
Using the weight coefficients selected above, the model is used to simulate the five 
tasks which the volunteers performed in the experimental investigation. The line of action 
of the resistance force of the restraining strap can be obtained from photographs of one 
subject extending his neck against resistance. The results of the simulations of each of 
the tasks are illustrated in Fig. IO. 
semispinalis 
cervicis 
Fig. 10. Simulation results for neck subjected to loading resulting from subjet executing TASK I to 5 
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DISCUSSION AND CONCLUSION 
In the accomplishment of any given task, the spine follows basic laws of physics re- 
sulting in measurable physiological behavior (i.e. specific muscular patterns, a specific 
geometry, and specific disk pressures). The mathematical equations used in this model 
minimize stress and yield muscle patterns that are specific to a given task. 
On the average, each volunteer exhibited similar distinctive muscular behavior for each 
of the five tasks. Volunteers pulling against the strap in the extended neck position (task 
3) had to exert a greater extensor effort in order to recruit the splenius capitis and omohyoid 
muscles, as opposed to pulling against the strap in the flexed position (task 2). This trend 
is observed in the simulated results (Fig. IO), whereby the omohyoid is recruited at an 
extensor effort (onset) of 10 kg and the splenius capitis recruited at an onset of 0 kg in 
task 2. In task 3, however, the levels of extensor effort needed to activate both muscles 
exceeded 20 kg. 
A reasonable degree of correlation is apparent between the simulated and the exper- 
imental results obtained for tasks I, 2, and 4. Furthermore, the shear and compression 
forces acting at each of the cervical joints (Cl-C2 to C7-Tl) are of realistic magnitudes 
in comparison to the load applied to the given tasks. For example, the simulated results 
for task 1 reveal that when a subject exerted no extensor effort (0 kg) the shear and 
compression stress levels at joint C5-C6 are 1.26 kg and 4.93 kg, respectively. The bulk 
of these stress levels obviously consist of the weight of the neck’s upper portions, together 
with the weight of the head. As the subject gradually increases his extensor effort the 
stress levels in all the joints gradually increase as well. At an extensor effort of 5 kg the 
stress levels in joint C5-C6 increase to a shear value of 8.23 kg and a compression value 
of 19.94 kg. These stress values are derived in part by the muscle and ligament tensions 
generated by the model to resist the sagittal pulling force. With an extensor effort of 15 
kg the stress in the intervertebral joint CS-C6 increases to a shear stress of 22.06 kg and 
a compression of 52.88 kg. A large portion of the stresses in the joint is due to the increased 
number of muscles recruited to form a net muscle tension, which serves to counter-balance 
the large pulling force applied by the volunteer. The values obtained from the simulations 
at an extensor effort of 30 kg, are well within the voluntary limits of 160 kg joint stress 
and 160 kg-cm ligament moment[4]. Similar findings concerning the acceptable stress 
levels for a given extensor moment are observed in the simulated results of tasks 2, 3, 4, 
and 5. 
The results of the simulations show that the modelling approach developed in this study 
is capable of describing the muscles with sufficient detail to simulate the individual re- 
sponse of the neck muscles. In this regard, the predicted function of the omohyoid and 
its completely unsuspected role as a flexor of the head is striking. There is, however, one 
exception regarding the modelling of the sternomastoid muscle. The sternomastoid ex- 
hibits low levels of activity at high extensor efforts in all 5 tasks during experimentation. 
However, the model failed to simulate this activity for any of the five tasks. 
Formulation of the problem required only four free parameters (i.e. weighting factors) 
to be introduced into the objective function. By limiting the free parameters to such a 
small number, it is possible to determine their effect on the results of the model and 
determine values for them on a trial and error basis. The appropriateness of the choice 
is verified by EMG results. 
The principles employed in the development of the optimization model used in this 
study are based on the one used in the development of an earlier sagittal plane model of 
the lumbar spine[4]. The ability of the present model to simulate most of the muscular 
responses of the cervical spine is seen as further validation of the principles presented in 
this paper. 
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